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Abstract 
The preparation of  mixed crystals of NaBr and KBr from melt as well as 
their physical characterization have been reported. Electrical measurements were 
carried out at various temperatures, which showed that their conductivity increases 
with the increase in temperature and varies nonlinearly with the bulk composition. 
We find that for most of the compositions studied, the activation energy deduced 
from the temperature variation of their conductivity obeys a thermodynamical 
model that interrelates the defect Gibbs energy with the bulk elastic and expansivity 
data.  
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1. Introduction 
 
During the last decades, it became clear that alkali halides mixed crystals 
enable important applications in optical, optoelectronic and electronic devices [1-5]. 
This revived the interest on these materials, which have been the object of several 
early theoretical studies, e.g., see Refs [6-10], that treated the question whether the 
properties of a mixed system can be described in terms of well known properties of 
their (pure) constituents.   
 In view of the aforementioned revived interest, a considerable number of 
experimental studies on alkali halides mixed systems have appeared [11-21]. The 
conductivity   of five mixed systems formed when using NaBr and KCl as the 
starting materials, was measured at various temperatures T [21]. These 
measurements were fitted into the well-known [22, 23] equation 
0 exp( )BE k T   , where Bk  is the usual Boltzmann’s constant, 0  a constant 
which depends on the material and E the relevant activation energy. Using these E 
values, and the mean volume per atom   resulting from the density (  ) 
measurements of Refs [18, 19], as well as the compressibility ( ) values measured 
in Ref. [21], we showed [24] that in four out of five systems, the energy E varies 
linearly with B  where B is the bulk modulus ( 1 ) . This, as discussed in detail 
in Ref. [24], conforms with an early thermodynamical model [25-35], termed cB  
model, which suggests that the defect Gibbs energy g
i
 for a certain process i under 
study (i.e., i=formation, migration, self-diffusion, activation, etc.)  is proportional to 
B  according to the relation  
   i ig c B         (1) 
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where c
i
 is a dimensionless constant. This model has been found [10, 25-35] to   
agree with the experimental data for various categories of solids and defect 
processes. Of particular importance is the case [36] where, upon applying uniaxial 
stress on ionic crystals, electric signals are produced due to defect formation and 
migration. This helps [36] towards understanding the experimental fact that 
transient electric signals are detected [37-47] before the occurrence of major 
earthquakes. 
 The aforementioned publication [24] was crossed with the report [19] of 
measurements in mixed crystals of NaBr and KBr that were also prepared from melt 
and physically characterized. It is the object of this short paper to investigate 
whether the aforementioned finding in the mixed crystals of NaBr and KCl between 
E and B  holds for the newly prepared mixed systems of NaBr and KBr as well. 
 
 
2. The new data and analysis  
 
 The following five mixed systems were found [19] by using NaBr and KBr 
as the starting materials: MC1: Na0.2K0.8Br;  MC2: Na0.4K0.6Br;   MC3: Na0.5K0.5Br;  
MC4: Na0.6K0.4Br and MC5: Na0.8K0.2Br. Among other studies, dc conductivity and 
dielectric measurements have been performed [19] with the standard procedure (see 
Refs [22, 23] for the former and latter measurements, respectively) in all the 
aforementioned five mixed systems as well as in the two pure (polycrystalline) end 
members. The corresponding E values deduced from the conductivity measurements 
(as read from Fig. 9 of Ref. [19]) are given in Table 1. 
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 In order to answer the question under investigation, we need to know the 
values of B and   for each of the aforementioned crystals. The following 
procedures have been applied: First, concerning the   values, we followed the 
procedure explained in our previous publication [24]. As for the B values, we used 
the compressibility values measured by Padma and Mahadevan [19], which are 
tabulated in the last but one column of their Table 3, and then applied the relation 
1B  . In this way, the B  value was obtained for each of the aforementioned 
seven crystals and these results are presented in Table 1. 
 
 
3. Results and Discussion  
 
 In Fig. 1 we plot E versus B  for the seven crystals investigated, i.e. the 
five mixed alkali halides systems MC1 to MC5 and the two end members NaBr and 
KBr. An inspection of this figure shows that for four out of seven systems 
investigated, i.e., KBr, MC1, MC2 and MC4, the activation energy E increases with 
the increase of B . 
In addition, the points corresponding to the latter four crystals mentioned 
above seem to scatter around the straight line that has been drawn in Fig. 1 on the 
basis of the cB  model as follows: By differentiating Eq. (1) in respect to 
temperature one finds the activation entropy according to ( )i i Ps dg dT   and 
therefrom we get the activation enthalpy h
i
 through the well known relation 
i i ih g Ts  . This leads to: 
          i i
P
dBh c B T B T
dT
         (2) 
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where   is the thermal (volume) expansion coefficient. In addition, the activation 
volume i , defined as  i i
T
dg dP  , is found to be: 
     1i i
T
dBc
dP
    
  
      (3)   
Thus, combining Eqs (2) and (3), we get: 
    
 
  1
i
P
i
T
dBB T B Th dT
dB
dP


 


         
which, when considering the definition of the Anderson-Gruneisen parameter  , 
i.e., 
  
1
P
dB
B dT


 
   
 
              (4) 
turns to: 
  
 
(1 )
1
i
i
T
T T
h B
dB
dP
   
  
 
       (5) 
Considering reasonable values for 
i

 in the extrinsic range [48] of the conductivity 
curve, i.e. 0.4
i


, as well as the elastic and expansivity data given in Ref. [49, 
50], we find that h
i
 vs  B  may be approximated with a straight line (since the 
quantities   and (dB/dP)T have small variations among the alkali halides) having a 
slope of around 810-2 with a plausible experimental error of around 20%. (Note 
that the activation enthalpy h
i
 coincides with E for the case of linear conductivity 
plots). This is the slope of the straight line drawn in Fig. 1. 
 The reason why the points corresponding to the two crystals MC3 and MC4, 
deviate markedly (i.e., outside the experimental error mentioned above) from the 
behaviour predicted by the cB  model, is not clear. This is striking because it has 
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been found [10] that the thermodynamic parameters for Shottky defect formation, as 
well as for cation vacancy migration (in monocrystalline alkali halides) do obey the 
cB  model. This indicates that the following might have happened in the 
polycrystalline samples of MC3 and MC4 measured by Padma and Mahadevan 
[19]: they presumably contain a considerable number of grain boundaries, which 
affects [10] considerably the defect migration processes. In order to confirm this 
possibility, additional experiments are necessary. 
 
 
4. Conclusions 
 
Using experimental data alone, we investigated the activation energy E for the 
increase of the conductivity with the increase of temperature as a function of 
B  for the mixed crystals of NaBr and KBr. We find that, in four out of seven 
systems, E varies linearly with B  which in addition, has a slope equal to that 
predicted by the cB  model. These results seem to strengthen the validity of 
those obtained in our independent study for the mixed systems of NaBr and KCl 
[24].  
  
 7 
References 
 
 [1] D. B. Sirdeshmukh, L. Sirdeshmukh, K. G. Subhadra, Alkali Halides-A  
       Handbook of Physical Properties, Springer Series in Materias Science, Vol. 49, 
       Springer, Berlin, 2001. 
 [2] D. B. Sirdeshmukh, T. Kumaraswamy, P. Geetakrishna, K. G. Subhadra, 
       Bull. Mater. Sci. 26 (2003) 261.  
 [3] R. Perez-Salas, R. Aceves, R. Rodriguez-Mijangos, H. G. Riveros, C. Duarte, 
       J. Phys.: Condens. Matter 16 (2004) 491.  
 [4] R. R. Mijangos, E. Alvarez, R. Perez-Salas, C. Duarte, Opt. Mater. 25 (2004) 
       279.  
 [5] R. Rodriguez-Mijangos, R. Perez-Salas, Phys. Stat. Sol. C 4 (2007) 954. 
 [6] P. Varotsos, Phys. Stat. Sol. B 100 (1980) K133. 
 [7] P. Varotsos, J. Phys. Chem. Solids 42 (1981) 405.  
 [8] P. A. Varotsos, Phys. Stat. Sol. B 90 (1978) 339.  
 [9] P. Varotsos, K. Alexopoulos, J. Phys. Chem. Solids 41 (1980) 1291. 
[10] P. Varotsos, K. Alexopoulos, Thermodynamics of Point Defects and their   
       Relation with Bulk Properties, North-Holland, Amsterdam, 1986. 
[11] K. Jayakumari, C. Mahadevan, J. Phys. Chem. Solids 66 (2005) 1705. 
[12] S. Perumai, C. K. Mahadevan, Physica B 369 (2005) 89. 
[13] S. Perumai, C. K. Mahadevan, Physica B 367 (2005) 172. 
[14] G. Selvarayan, C. K. Mahadevan, J. Mater. Sci. 41 (2006) 8218. 
[15] G. Selvarayan, C. K. Mahadevan, J. Mater. Sci. 41 (2006) 8211. 
[16] A. E. Cordero-Borboa, R. R. Mijangos, P. S. Schabes- Retchkiman, J Mater. 
       Sci. 41 (2006) 7119. 
 8 
[17] N. Neelakanda Pillai, C. K. Mahadevan, Mater. Manuf. Process. 22 (2007)  
        393. 
[18] C. M. Padma, C. K. Mahadevan, Mater. Manuf. Process. 22 (2007) 362. 
[19] C. M. Padma, C. K. Mahadevan, Mater. Manuf. Process. 23 (2008) 143. 
[20] M. Priya, C. K. Mahadevan, Physica B 403 (2008) 67.  
[21] C. M. Padma, C. K. Mahadevan, Physica B 403 (2008) 1708. 
[22] P. A. Varotsos, S. Mourikis, Phys. Rev. B 10 (1974) 5220. 
[23] D. Kostopoulos, P. Varotsos, S. Mourikis, Can. J. Phys. 53 (1975) 1318. 
[24] V. Katsika-Tsigourakou, A. Vassilikou-Dova, Physica B 403 (2008) 3809. 
[25] P. Varotsos, Solid State Ionics 179 (2008) 438. 
[26] P. Varotsos, K. Alexopoulos, Phys. Status Solidi B 110 (1982) 9.  
[27] P. Varotsos, K. Alexopoulos, Phys. Rev. B 15 (1977) 4111. 
[28] P. Varotsos, K. Alexopoulos, Phys. Stat. Sol. A 47 (1978) K133. 
[29] P. Varotsos, K. Alexopoulos, Phys. Rev. B 21 (1980) 4898. 
[30] P. Varotsos, K. Alexopoulos, Phys. Rev. B 22 (1980) 3130. 
[31] P. Varotsos, K. Alexopoulos, Phys. Rev. B 24 (1981) 904. 
[32] P. Varotsos, K. Alexopoulos,  J. Phys. Chem. Solids 41 (1980) 443. 
[33] P. Varotsos, K. Alexopoulos,  J. Phys. Chem. Solids 42 (1981) 409. 
[34] M. Lazaridou, C. Varotsos, K. Alexopoulos, P. Varotsos, J. Phys. C: Solid 
        State 18 (1985) 3891.  
[35] P. Varotsos, K. Alexopoulos and K. Nomicos Phys. Stat. Sol. B 111 (1982) 
       581. 
[36] P. Varotsos, N. Sarlis, and M. Lazaridou, Phys. Rev. B 59 (1999) 24. 
 9 
[37] P. Varotsos, K. Eftaxias, M. Lazaridou, K. Nomicos, N. Sar-lis, N. Bogris, J. 
Makris, G. Antonopoulos and J. Kopanas, Acta Geophysica Polonica 44 (1996) 
301. 
[38] P. Varotsos, N. Sarlis and M. Lazaridou, Acta Geophysica Polo-nica 48 (2000) 
141. 
[39] P.A. Varotsos, N. V. Sarlis and E. S. Skordas, EPL (Europhysics Letters) 99 
(2012) 59001. 
[40] P. A. Varotsos, N. V. Sarlis, E. S. Skordas, and M. S. Lazaridou, 
Tectonophysics 589 (2013) 116. 
[41] P. Varotsos, K. Alexopoulos, M. Lazaridou, Tectonophysics 224 (1993) 1. 
[42] P. Varotsos and M. Lazaridou, Tectonophysics 188 (1991) 321. 
[43] N. Sarlis, M. Lazaridou, P. Kapiris and P. Varotsos, Geophys. Res. Lett. 26  
        (1999) 3245. 
[44] P. A. Varotsos, N. V. Sarlis and E. S. Skordas, Phys. Rev. Lett. 91 (2003)  
        148501. 
[45] P. A. Varotsos, N. V. Sarlis, E. S. Skordas and M. S. Lazaridou,  Phys. Rev. E  
        70 (2004) 011106. 
[46] P. Varotsos, The Physics of Seismic Electric Signals, Terrapub, Tokyo, 
        2005. 
[47] P. A. Varotsos, N. V. Sarlis, and E. S. Skordas, J. Geophys. Res. Space Physics 
119 (2014) 9192. 
[48] D. N. Yoon, D. Lazarus, Phys. Rev. B 5 (1972) 4935. 
[49] R. W. Roberts, C. S. Smith, J. Phys. Chem. Solids 31 (1970) 619.  
[50] C. S. Smith, L. S. Cain, J. Phys. Chem. Solids 36 (1975) 205. 
 10 
FIGURE & FIGURE CAPTION 
 
 
 
Fig. 1. The experimental values of the activation energy E, reported by Padma and 
Mahadevan [19], versus B . The straight line depicts the prediction of the cB  
model (see the text).   
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Table 1.  
The values of the activation energy E, the compressibility   and the density   
reported in Ref. [19] for the five mixed systems of NaBr and KBr and the two end 
members. The values of B  given in the last column, where B ( 1 )k  is the bulk 
modulus and   the mean volume per atom, are treated in the study explained in the 
text.   
System
a
 
E 
10
-19
 J 
  
 11 210 m N  
  
 gr cc   
B  
1910 J  
NaBr 0.382 5.725 3.1882 9.359 
KBr 0.598 8.499 2.6485 8.777 
MC1: Na0.209K0.791Br 0.867 8.953 2.7612 9.818 
MC2: Na0.362K0.638Br 1.014 8.389 2.8437 12.345 
MC3: Na0.461K0.539Br 0.750 5.755 2.8981 20.606 
MC4: Na0.541K0.459Br 1.098 5.837 2.9403 19.703 
MC5: Na0.827K0.173Br 1.101 7.775 3.0946 8.818 
a
 estimated bulk composition in the crystal [19] 
 
